General Disclaimer 


One or more of the Following Statements may affect this Document 


• This document has been reproduced from the best copy furnished by the 
organizational source. It is being released in the interest of making available as 
much information as possible. 


• This document may contain data, which exceeds the sheet parameters. It was 
furnished in this condition by the organizational source and is the best copy 
available. 


• This document may contain tone-on-tone or color graphs, charts and/or pictures, 
which have been reproduced in black and white. 


• This document is paginated as submitted by the original source. 


• Portions of this document are not fully legible due to the historical nature of some 
of the material. However, it is the best reproduction available from the original 
submission. 


Produced by the NASA Center for Aerospace Information (CASI) 



MCR-82-530 


Final Report May 1982 



Evaluation and 
Prediction of Long-Term 
Environmental Effects on 
Nonmetallic Materials 





UQCidS 

^6254 



Prepared for : 

National Aeronautics and 
Space Administration 
Marshall Space Flight Center 
Huntsville, Alabama 35812 





MCR-82-530 


Final 

Report 


May 1982 


EVALUATION AND PREDICTION 
OF LONG-TERM ENVIRONMENTAL 
EFFECTS ON NONMETALLIC 
MATERIALS 


MARTIN MARIETTA CORPORATION 

DENVER AEROSPACE 

P.O. Box 179 

Denver, Colorado 80201 


FOREWORD 


This is the final report for a program of Evaluation and Prediction of 
Long-Term Space Environmental Effects on Noranetallic Materials con- 
ducted by Martin Marietta for the National Aeronautics and Space ^min' 
iatration, Marshall Space Flight Center, under contract NAS8-33578. 

The program was conducted in the Mechanical Materials Engineering Sec- 
tion with John A. Shepic initailly serving as Program Manager and 
Robert F. Geisendorfer serving subsequently. Contributors to the pro- 
gram Included Charles E. Forsyth, and Jack Lebeau, of Martin Marietta. 

Dr. Harold Papazian conducted data analyses and prepared the final re- 
port under the direction of Mr. Mohan Mlsra. 

Don Gregory and Charles Stocks of NASA-MSFC conducted the charged-par- 
ticle lrradiati''ns of the samples tested In the program. Mr. Charles 
Peacock was the technical monitor and Dr. Ray Cause and Ms. Ann 
Whitaker served as technical advisors. 
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INTRODUCTION 


Although nonnetallic materials are generally recognized as being sus- 
ceptible to changes caused by the environments associated with long- 
life spacecraft » data concerning the effects of Irradiation and long- 
term thermal-vacuum exposure In the specific mechanical, electrical, 
and thermal properties of such materials are not readily available* 
SliKe the performance and life of any structure, system, or component 
directly depends on the Integrity of the materials used in Its contruc- 
tion, the ability of these materials to withstand the operating envi- 
ronment Is of utmost importance to meeting the service life 
requirements* 

The degradation of any material or material system, even If slow at 
normal use temperatures, can lead to failure over a long time period* 
For example, in a polymer systmn used as a structural member, the ac- 
cumulated changes may eventually lead to loss of Integrity* Degrada- 
tion products may condense on optical parts and lead to system failure, 
and toxicity problems may become Important If humans are exposed to the 
environment. 

Real-time tests of materials that may be used In a system can be 
clearly Impractical In time and money. If short-time tests can be used 
to predict future chemical and mechanical behavior, these tests can 
considerably enhaiu:e mission success. If properly evaluated and under- 
stood, the mechanisms of chemical change can be related to changes In 
mechanical properties* This offers an opportunity to devise rational 
accelerated tests from which the eventual changes in mechanical proper- 
ties can be predicted. 

Accelerated methods of predicting long-term thermal -vacuum aging ef- 
fects have not been used with high confidence because their validity 
has not been tested by cmparlson with long-term real-time test data. 
The acceptance of an accelerated test method would increase the accept- 
ance of nonnetallic materials for long-life spacecraft appllcationc. 
However, long-term data for a large variety of nonmetallic materials 
have not been available. 

The present program was undertaken in an attempt to overcome such prob- 
lems by experimentally evaluating changes In functional properties of a 
broad spectrum of nonnetallic materials as a function of environnent 
and exposure time, and to use such data in an attempt to develop models 
for predicting long-term material performance. Ancillary to this ef- 
fort a literature search on specific materials, chosen by MSFC person- 
nel, In the space and simulated space environment wat carried and eval- 
uated In a manner useful to designers in their selection of materials. 
The results of this survey are included as Appendix B. 

The thermal -vacuum exposure part of the present experimental program 
has as Its foundation the Viking materials qualification program of 
some nine years ago. The Viking project established the requirements 
for an extensive materials qualification test program and a unique 
thermal-vacuum exposure and test facility* 
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Approximately 300 nonnetallic materials were selected as candidates for 
the Viking project. These materials were then reviewed as to their in- 
tended applications, and critical mechanical, electrical, and thermal 
properties were selected for each material. Baseline values of each 
property were determined and additional samples of each material were 
then subjected to thermal-vacuum exposures ranging from one to 14 
months. At Intervals of one or three months, the same property deter- 
minations were made In situ to determine the Influence of the earth- 
Mars cruise period on the performance of each material. At the conclu- 
sion of the program many samples of a wide variety of materials re- 
mained In the thermal -vacuum exposure cycle. A decision was then made 
to continue the thermal-vacuum exposures of these materials and to re- 
establish a test program to check the effects of long-duration expos- 
ures on the properties of these materials at some later date. Over 200 
specimens of 40 different materials and some graphlte/epoxy laminates 
provided by MSFC constituted the materials investigation of the present 
program. 
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BLACK AND WHITE PHO.TOGRAPil 


II. F-XPrRIMKNTAL TEST PROCRA.'! 


A. TlIERMAL-VACLTTl EXPiiSTRE AND TEST FACII.TTIES 


The long-term vacutn exposures were accomplished in individual canis- 
ters conn*. '"ted to ion pumps. Four canisters are coupled directly to 50 
£/s ion pumps and the remaining 28 are connected to seven-canister 
plenums, with each pieman attaclied to a 400 l/s ion pump. Each system 
is capable of maintaining pressures in the 10~' to 10~® torr 
range. Each canister Is constructed of 300— series stainless steely 
with a double wall for circulating water and maintaining the required 
thermal conditions in the canisters. A Marman clamp seals the lid to 
simplify remote opening and closing of the canisters in the test cham- 
ber. Two vacuum valves between the canister and vacuum plenum permit 
the canister to be removed from the pumping system and transferred to 
the test chamber without altering the pressu’"c in tlte canister or 
plenum. A recirculating hot water licater maintains canister tempera- 
tures between ambient and 4l50‘'F. Figure 1 shows a typical seven-can- 
ister system. 
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ORIGINAL PACE 

BLACK AND WHITE PHOTOGRAPH 

The Vacuum In al tu Test Ctiamber Is constructed of 300 series stainless 
steel and consists of two Individual i/acuum chambers separated by a 
sliding gate valve. The main chamber Isa nominal 5 feet In diameter 
and 7 feet long. The pumping portion of the main chamber consists of 
two 20-lnch diffusion pumps with a multicoolant baffle and a valve 
Isolating the pump from the chamber. The airlock pumping system con- 
sists of a 6-lnch diffusion pump with a multlcuolant baffle and Isola- 
tion valve. The 6-square-f oot chamber window has three tempered glass 
sections. A door on one end provides easy access to the entire chamber 
interior. 

The unique feature of this system Is the mastcr/slave manipulation 
capability In the main chamber. Figure 2 shows three manipulators that 
enable access to over 90 percent of the chamber while it is evacuated. 
The manipulators are similar to those used in nuclear installations. 

The manipulators provide six degr^es-of-f reedom and have electric in- 
dexing In two axes for displacement of the master arm relative to the 
slave arm. All other motions are mechanical, with a one-to-one force 
ratio between the master arm and the slave arm except foi the friction 
of the motion rods within the seal tube assembly. 



Figure Z Vacuum in aitu Teat Chamber 
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black and white photograph 

Figure 3 shows an Interior view of the chatpber and the opening of a 
canister using the manipulator system. 



Figure 3 Interior of Chamber Showing Manipulators Preparing Tensile Test 

A 10,000-lb Universal test machine is coupled to the main chamber. The 
columns are shock-isolated from the chambc with bellows and a moving 
crosshead pull rod is attached to the bellows. Tensile, compression, 
flexure, and shear tests have been performed in this chamber. Electri- 
cal property tests, including dielectric strength, dielectric constant, 
and surface and volume resistivity, have been conducted with the aid of 
special flxturlng developed for use In vacuum with the master/slave 
;uanl pulators. 

After testing thermal-vacuum aged materials, samples were loaded under 
vacuum into a modified canister for transport to MSFC for electron 
irradiation. The raodi.‘‘icatlon allowed the canister to be evacuated 
continuously with a mobile ion pump system during transport between 
Denver and Huntsville and there to be directly coupled to the electron 
beam source. During transport the canister was maintained near 3 x 
10”^ torr. After irradiation, the sampi»- were n*turnej In the same 
manner to Denver for testing. At this time the cycle was repeated with 
another canister loaded with other samples. 


5 


B. 


IRRADIATION FACILITIES 


Marihall Space Flight Center personnel carried out the irradiations on 
their Van de Craff accelerator. After the canister was attached to the 
acceler.'.tor, which was maintained under a vacuum of about 3 x 10~^ 
torr, the valve on the canister was opened and the Van de Graff 
started. Because the beam was about 0.5 centimeters in diameter, it 
was scattered with two sheets of 0.001 -inch Aluminum foil. This pro- 
vided a beam of uniform intensity over a 6-inch diameter. 

The current hitting the sample was measured using a Faraday cup de- 
signed by MSFC personnel. The current was kept generally in the mano- 
amp range to minimize heating of the sample. By knowing the beam cur- 
rent and the exposure time, the fluence or the total number of elec- 
trons per square centimeter can be calculated. 

After irradiation the canister with the specimens to be tested was re- 
placed on the mobile ion pump system for transport from Huntsville to 
Denver. 
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TEST RESULTS 


Over 200 specimens of 40 different materials that had been under 
thermal-vacuum exposure [150°F (338“k) at 10“^ torr] for some eight 
years were subjected to a variety of tests. The particular test (or 
tests) of a material was determined by the baseline tests obtained 
under the Viking materials program, i.e., if tensile data were avail- 
able from the Viking program then the specimens were so tested in the 
present program, etc. All tests were conducted according to the appro- 
priate ASTM method (see Appendix A, Table A-3, page A-2) except for ther- 
mal decomposition. The latter was tested via thermogravimetric analy- 
sis (TGA). 

The TGA method is an accelerated test for characterization of thermal 
decomposition. This method involves taking a small amount of material 
through total decomposition by increasing the temperature on the sample 
at a predetermined rate (e.g., 10°C/min). Rate constants and activa- 
tion energies for the decomposition can be determined from the data ob- 
tained. It has been demonstrated that such TGA results can be extra- 
polated to much lower temperatures to obtain thermal degradation near 
normal-use temperatures of samples of realistic size and weight. Iso- 
thermal (real-time) degradation kinetics on large samples near normal- 
use temperatures have been compared with results from TGA measure- 
ments. Remarkably accurate predictions can be made by TGA for degrada- 
tions in vacuum (Ref 1) and in air (Ref 2). 

Figure 4 shows a schematic multistage (here two-stage) TGA curve. It 
is appropriate to discuss here the construction of Table A-12 "Tlermal 
Decompositions." In Table A-12 the ntmber 2 in the column headec 
"Stages in the TGA Curve" refer to curves similar to that depicted in 
Figure 4. The number 1 indicates that only a one-stage degradation 
takes place tnrough total decomposition, and the number 3 indicates an 
even more complex degradation than depicted in Figure 4, that is, a 
three-stage degradation through total decomposition. With multistage 
decompositions only the lower i; temperature degradations (i.e., stage 1) 
were analyzed since this would be the one expected to dominate the near 
normal-use temperature isothermal decompositions. In the column labled 
"Reaction Mechanism in Stage 1", the is the so-called "active 
component" in chemical kinetics terminology, and B represents the 
chemical component resulting from the degradation of . Some materi- 
als show a simple mechanism, of degradation while others show 

a complex mechanism, ag-*^^ where decomposes to B at the lower 
temperatures and as the temperature increases within stage 1. 

Thus materials labeled 1 (i.e., single stage) a^ decomposes to B at 
the lower temperatures and a^^ C as the temperature increases within 
stage 1. Thus materials labeled 1 (i.e., single stage) and B 

have a simple reaction mechanism through total degradation. Materials 
labeled as multistage (i.e., 2 or 3) and will ha’^e an exceed- 

ingly complex degradation since the decomposition stage (or stages) at 
higher temperatures, which were not analyzed for the present study, may 
also degrade by complex routes such as (d ^) . The other columns 
are self-explanator>’ . ^ 
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-Stage 1 


Stage 2 




Temperature -■ ^ 


Figure 4 Sohematio TGA Curve with a Two-Stage Decomposition 

The test matrix is given in Table 1. It includes tests of the MSFC- 
supplied graphite/epoxy laminates. In Table 1 an x indicates baseline 
and thermal-vacuum data, and the o indicates data obtained after elec- 
tron irradiations of specimens after long-term (>96 months) thermal- 
vacuum exposure. Comparison of this v'lth the unirradiated long-term 
data gives some measure of the effect of electron irradiation. 
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Table 1 Materials Test Matrix 



Teat (laa Table 4, page A 

1) 


1 

Bi 

m 

m 

m 

m 

m 

m 

m 

Qjl 


Ablafilm 501 


X 


1 


— 




— 


EA934 


xo 









X 

EA956 


X 










EA9414 


X 










FM 96U 


xo 










HT 424 


xo 









X 

HT4‘»5 


xo 










EC 2216 
Hy(o< C7-4248 


X 


X 

xo 


x 

xo 

xo 



Siycwt 1090 
Kapton F, 01 1 

X 







X 




Kqiton F, 919 
PolytharmalaM Wirt 

X 






X 





Tharm-Amid Wire 







X 





Vaapal SP 1 

X 


X 



xo 

X 

xo 

xo 

X 

X 

Choaaal 1224 
DC 93-500 
OC6 1106 
Solithane 113 


X 



X 



xo 

o 

X 

X 

Eccofoam FPH 
Adlock 851 

X 


X 





0 

o 


X 

Diall FS-80 
Kynar Tubing 
Print Circuit Board 



X 


X 


X 

X 

X 


X 

Laxan 

xo 










xo 

Lucita 

xo 










xo 

Polyurathana 

xo 










xo 

Polyethylane 

xo 










X 

Nylon 

GFE Laminates 

xo 










xo 

010/049 











X 

OOS/063 











X 

009/055 











X 

004/044 
Type 24 




X 







X 

Typa 26 




xo 








Type 37 




X 








Typa 38 




xo 








Typa 40 




X 








Typa 42 




X 








1 X: BMline and/or Thermat Vacuum Expoaura Teats. 






O: Tests after Irradiation of Long-Term Thermal-Vacuum Spacimans. 




The data have been compiled (in Appendix A) in tables according to the 
tests performed. This allows easy comparision between materials and a 
particular property, e.g., tensile strength. Most of the data therein, 
for baseline and short -tim^^ (1-month/ 3-month) t he rma 1 -vac uum exposure, 
Is from the Viking project of some eight years ago and is compiled in a 
Nonmetallic Materials Handbook (Ref 3). Not all of the results in the 
tables of Appendix A appear in Table 2, Summary of Results, because of 
a lack of appropriate data for comparison. This is especially true for 
the graphite/epoxy laminates where the data are only from the present 
study and could represent baseline data (i.e., unexposed to any envi- 
ronment) for some future study. 
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Table 2 Summary of Reeulta* 



LapShMr Fifxturt |ComprNiion| PnI 


gpg«Y: 
Abtefilm 601 
934 


HvioiC7-4248 
Stycatt 1090 




Kapion F. 01 1 
Kapton F, 919 
Polytherm Wire 
AWG 20 
AWG 30 

T««fm‘Amid Wire 
AWG 20 
AWG 30 


Choteel 1224 
DC 93-500 

C>C 6-1106 


PrUyuroThane: 


Solithena 113 
Eccofoem FPH 


Pher^olic: 


Adlock 851 

Graphite/Epoxy Laminate 
Type 38 
Type 26 
^Itscalianeous: 


Diali FS-80 
Primed Circuit Board 
Kynar Tobmg 



Poiytthyltfit 


See teat Reeulta Sectlcm fcN’ deteUt. 

See text. 

Below iMa. Llat S ia aver age of 3-month and 6-month expoaun 
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The values listed In Table 2 are the percent changes of the average 
values from the baseline average values taken from the data tables in 
the appendix. The column S is for short-time (1 or 3-month) thermal- 
vacuum exposure changes, and column L is for the approximately 8-year 
exposure changes. The values in parentheses are changes from the long- 
term property value after irradiation with electrons. The table Is to 
be read in the following manner. For the first entry, Ablefilm 501, 
the lap shear strength Increased by 22 percent after the short-time 
thermal -vacuum exposure. Over the years it decreased from the 22 per- 
cent to only 8 percent increase in lap shear strength over the baseline 
value. The bold print, +22, indicates no overlap in the spread of 
values from the five specimens tested and the spread of values from the 
baseline data and represents a real change. The normal print, +8, in- 
dicates an overlap of the spreads and may be taken to represent no 
change from the baseline value. For the seventh entry, HT435, the lap 
she T strength shows a decrease in lap shear strength of 20 percent 
ovej the years. The value in parentheses indicates that after electron 
irradiation the lap shear strength increased by 12 percent from the 
long-term exposure value so that after irradiation the lap shear 
strength was only 8 percent less than the average baseline value. 

Some of the results in Table 2 are rather disconcerting. It would be 
expected that the primary result of thermal-vacuum exposure is the de- 
gassing of small fragment "solvents" such as monomer, catalyst, plas- 
ticizer, e' r-. . This would then be expected to improve electrical pro- 
perties a.id degrade a mechanical property, e.g., a flexure strength 
reduction. Yet in most of the materials the dielectric constants and 
lap shears have improved but the latter show changes somewhat larger 
than might be expected. Thus it appears more than simple degassing has 
taken place, and the relatively small thermal exposure (150°F (338 K) ] 
causes changes in material properties over relatively short times 
(e.g., note the S column in lap shear strength and flexure). The elec- 
trical data (conductivity and dielectric constant) shown in Tables B-6 
and B-7 of Appendix B are similar to the (disconcerting) results of the 
present study. 

The results from the irradiation studies reported here must be used 
with caution since very few specimens were tested. However it is of 
Interest to note that two very stable expoxies under thermal-vacuum 
exposure (EA934 and FM96U) show very little effect under irradiation. 
The graphite/epoxy laminate compression strength data must be con- 
sidered only as a possible trend in results since for Type 38 only two 
irradiated specimens were available and for Type 26 only one specimen 
was available for the baseline data. 

In view of the above discussion it is not possible to generate predic- 
tive models, but the value of the present study is twofold. It shows 
that real-time tests of materials must be planned with meticulous care 
as to sample preparation for a particular property, with exceedingly 
good record keeping to minimize experimental errors and test operator 
characteristics at some much latar date. Secondly, and more important- 
ly, It shows the value of developing meaningful accelerated tests such 
as those developed for thermal degradation (Ref 1 and 2) and for creep 
(Ref 4) to minimize the concerns outlined for real-time tests. 
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Table A~1 Teet Methods 
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APPENDIX B 


LITERATURE SEARCH 


APPENDIX B - LITERATURE SEARCH 


A computer-assisted literature search was carried out In the NASA and 
DOD data banks for space envlroiunental effects on the three types of 
spacecraft materials specified by the CX}R> The materials chosen by the 
COR were Kapton, Teflon, and silicones, including the S-13 and S-13G 
paints* The information developed includes flight and laboratory test 
data* The search developed 132 references of which approximately 70 
were surveyed for the three subject materials* 

Significant quantities of information were obtained from three 
sources* A large amount of laboratory data on chemical and physical 
properties was developed by Martin Marietta Denver Aerospace during the 
Viking project and compiled into a handbook* Pertinent pages from this 
handbook are referenced in the appropriate sections. Boeing Aerospace 
conducted extensive irradiation studies of thermal control coatings 
during the 1965-1968 period* Much of their information on S-13 and 
S-13G will also be referred to later* An extensive report by TRW, 
Properties of Metalized Flexible Materials in the Space Environment , 
was published in 1978* It contains much information on Teflon and Kap- 
ton and will be referred to in the appropriate paragraphs* Other re- 
ports and compilations will also be discussed; however, refevences 
within compilations will not be referred to as they car. be round In the 
particular compilation. 


A. SILICONES AND THE S-13 AND S-13G THERMAL CONTROL PAINTS 


1. Silicones 


Because silicones do not contain the variety of secondary additives 
common to most organics, thermal -vacuum exposure does not significantly 
alter their physical and electrical properties* Dimethyl silicones 
display greater stability to ultraviolet degradation than the phenyl- 
containing silicones, which is the opposite behavior of particle radia- 
tion stability. The photon-irradiated phenyl-based materials show 
measurable surface effects of cracking, crazing, and discoloration. 
Itowever, low-temperature (-90“C flexibility) properties are imparted to 
silicone elastomers by a small but optimtmt mmber of phenyl groups. 

The more bulky phenyl groups break up the regularity of the polymethyl- 
siloxane chain necessary for crystallitic growth. Particle irradiation 
in high doses (10 to 100 megarads) causes increased hardness and ten- 
sile strength and appreciably reduces elongation of silicone elasto- 
mers. The higher phenyl-containing elastomers are more resistant to 
such effects. (Ref 1). 

A recent compilation (Ref 2) of vacuiin-condensible materials (VCM) data 
shows silicone rubbers to sustain a total weight loss (TWL) ranging 
between 0.1 to 3.5 percent and a VCM ranging from 0.00 to 0.8 percent 
when exposed to thermal -vacuum for 24 hours at 125‘’C under 10“^ torr 
vacuum. 
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The thermal decompositions In vacuum follow (Ref 3, A) simple first- 
order kinetics with the rate equation given by 

^ - k (a - X) 
dt T ' 0 

where kj is the rate constant at temperature T, dx/dt is the rate of 
weight loss, and a^-x Is the concentration and a^^ is the initial 
concentration* It has been shown that the smne rate equations hold for 
decompositions in air* (Ref S}* 

The activation energies for thermal decomposition of silicones in vacu- 
um do not exceed about 30 kcal* This can be ascertained from the pages 
from the Martin Marietta handbook (Ref A) of Viking data referenced in 
the following tabulation* 


Material 

Pages (Inclusive) 

Cho-Seal 122A 

S-1 - S-9 

DC6-1102 

S-10 - S-13 

DC6-110A 

S-IA - S-17 

DC6-1106 

S-19 - S-22 

DC92-007 

S-23 - S-28 

DC93-500 

S-29 - S-33 

MSA0G08 

S-3A - S-37 

Silicone Tape, Series 600 

S-38 - S-A2 

RTV-511, Modified 

S-A3 - S-A8 

ZP50AA Silicone Gasket 

S-A9 - S-52 


As mentioned earlier, the effect of thermal-vacuum exposure on the physical 
properties of silicones is expected to be slight as shown by the Viking 
data referenced above* Concordant with these data are the results 
(Ref 1) for a test of Young's modulus in flexure stiffening temperature 
(stiffening temperature defined as the point where Young's modulus 
reaches 10,000 psi)* A general-purpose silicone RTV and a clear rub- 
bery-resinous silicone showed no change in the stiffening temperature 
after exposure for one week at 150“C under 10“^ torr vacuum. 

Laboratory studies (Ref 6) of ultraviolet irradiation have shown that 
only the polydimethylslloxanes (RTV-615 and O-I type 650) are resistant 
to degradation when exposed to solar radiation* After 800 ESH (equiva- 
lent solar hours) there was no significant degradation with Aag* 0.005 
to 0.008* The SR series all degraded by 100 ESH with Aag* O.OAA to 
0.061* A test sample of methyl silicone was flown (Ref 7) on OSO-III 
along with samples of thermal control coatings. Over approximately 
2700 ESH, Og changed by 0*11 but there was no apparent change up to 
about 200 ESH. 

The decrease in transmittance over the wavelength range 0*A to 2*5 of 
DC 92-009 under proton irradiation has been studlejl (Ref 8). For M 
150-keV protons at irradiation rates between 6.6 x 10^® and 6.6 x 
10*3 protons/cm^/s, the transmittance is given by 
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T - 11.78 g-0.134 

B 10 

within 45 percent for total enei^y, E, deposited between 10 and 10 

2 11 12 
ergs/cm • For S0*-keV protons at rates of 6.6 x 10 and 6.6 x 10 

protons/co^/s. 

T - 5.29 g-0.0935 

over the same total deposited energy. 

2. S-13 and S-13C Thermal Control Paints 


a. Ultraviolet Radiation - Through 1966 an experiment on OSO-II pro- 
vided the most extensive data for thermal coatings on a near-earth 
satellite (Ref 9). At that time the changes in were attributed to 
changes in the near-infrared reflectance. That this is ii^eed the case 
is shown in Figure B-1 taken from the extensive report of the Boeing 
group (Ref 10). The recovery shown in the figure occurs after back- 
filling the vacuuB irradiation chamber with dry air. Some changes 
in have been collected In Table B-1. 

The large changes in on the Sky lab experiment have been attributed 
to a combination of contamination and solar degradation (Ref 11). The 
OSO-III results are in good agreement with OSO-II as well as Pegasus I 
results, but the changes in °^g are much less than for Mariner V and the 
difference is attributed (Ref 7) to solar wind effects on Mariner V. 

Hie Boeing group has done extenslvk. work (Ref 10) on electromagnetic 
and particle radiation on S-13 and S-13G-type coatings. For ultra- 
violet radititlon they used mercury arc (four CE U-11 and two UA-3 
Isnps) and xenon lot%-arc sources. With S-13 the xenon source showed 
much more damage (changes in reflectatx:e through the wavelength range 
0.25 to 2.5 p ) for 85 ESH than 135 ESH of the mercury arc. Only be- 
tween 0.4 and 0.5 y is the buildup greater with the 135 ESH of the mer- 
cury source. Significant reflection losses occur in both S-13 aixl 
S-13G. Figures B-2 and B-3 show these changes (Ref 10). The S-13G, 
which undergoes smaller changes in the IR, exhibited little recovery 
even after seven days of backfilled air in the vacuum irradiation cham- 
ber. The S-13 had nearly complete recovery (Fig. B-1). In the visible 
region S-13G showed no recovery and S-13 only a slow partial recovery. 


B-3 


original pa^ ® 

OF POOR QUALITY 


Luand : 


Nott; Sajapl* Typa B. 


■1133 ESH 
•Racovary 


Wavelength, X, m 

Figure B-1 . - , t. 

Refleotanoe Reoovevy of S~23 in Air As a Funotvon of f/ave length 

Following Espoeure to Ultraviolet Radiation (Ref 10) 


Table B~1 Chcoxgee in a Under Solar Radiation 


S-13 Type 


Flight 


0.12 OSO-II 
0.14 OSO-III 
0.284 Sky lab D024 11 

0.11 Lunar Orblter II 12 


800 ESH 


0.8 Ub (IITRI) 

0.10 Ub (LMSC) 


1098 at 18 Suns 0.61 Lab (IITRI) 







ORIGINAL PAGE IS 
OF POOR QUALITY 


■••—18 KH 
•—•—53 E8H 
-- — 120 ESH 
-*—135 ESH 
——250 ESH 
»miMM«a490 ESH 
— —• ?70 ESH 
1130 ESH 


Note; S«8^>lc Typs B. 


Wavelength, A, \i 

Figuz^ 

Spectral Reflaatano« Chsmges in Zina (kdda-'Methyl Silioona, S-IS 
FolU^ng £cp0eia*» to Ultraviolet Radiation (Ref 10) 


Note; Sample Type M. 


Legend; 135 ESH 

250 ESH-- 
490 ESH- — 
1130 ESH— 


a U 1 i 1 i 1 i 1 — i — —Trh , 

6 0.3 0.5 0.7 0.9 1.1 1.3 1.5 1.7 1.9 2Tl 2.32,45 

W<i*velesTgth, A, y 

Figia*e 

Spectral Reflectanae Ctmigeo in an Early Fortnulation cf S-^ISG, Treated 
Zina Oxide-^Met/i^l Siliaom, Following Expoeure tc Ultraviolet Radiation 
(Ref 10) 
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Degr«d«tion rate atudiea of the infrared reflection with S-13 ehowed 
(fief 13) that the £ate increaaes aa the incident radiation decreaeei 
from 3500 to 220 0 A. With 2600 + 200 X radiation, the rate ia propor- 
tional 'Hte effect of total dose ia not conatant but ia af- 

fected ituiependently by intensity and tine. 

Sone other laboratory and flight data are presented in Table B-2 for 
S-13G-typc coatinga* For the Sky lab result a, the sane contaalnation 
consent holds here as for the S-13 results In Table B-1. 


Tctbls B-2 

Chang09 in Vr^r SoIot Radiation 


S-13G 

Hours 

4a 

Flight 

Raf 

2400 

0.07 

OSO III 

5 

2040 

0.237 

Skylab D024 

8 

900 

0.14 

Lunar Orbitar 1 

9 

600 

0.09 

Lunar Orbitar II 

9 

1300 ESH 

0.8 

Lab 

9 

bOO 

0.01 

Lab 



b. Electron Irradiation - The Boeing group (Ref 10) found that over 
wide ranges of fluxes and fluences (4 x 1(^ to 1.7 x 10^^ el/*? - 
irons/ cm^/s and 10^^ to 8 x 10^^ electrons/cm^), no irradla ' 
tlon rate effects from 50-keV electrons are evident froo Iji situ aeas- 
urements of heal opherlcal spectra reflectance obtained with an inte- 
grating sphere r.-ef lectooeter. Thus to an acceleration factor of 10^ 
or so, laboratory exposures of S-13 ond S-13G coatings to 50-keV elec- 
trons at rates greater chan those in space ere valid. 


After exposure to electron irradiation, S-13 and S-13G recover re- 
flectence locaea when exposed to dry air (Fig. B-4). Howavar, when 
exposed to 8 x 10^^ electrona/cm^, “peraenent" deaage reBains even 
days after exposure Co elr. Figure B-5 shows the early recovery. 
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Figure B-4 

Damage Profile in S-23G Due to Electron Exposure and Jtefleatanae 
Recovery in Air 


Legend : Recovery in Air 
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Figure B-S 

Postirradiation Reflectance Recovery Properties of S~13G When 
Reexposed to Air 






c. Combined Electron and UV Radiation - Table B-3 ahows spectral 
changes In S-13 after four types of exposure — ultraviolet only, elec- 
tron only, ultraviolet followed by electron, and simultaneous ultra- 
violet and electron. All UV exposures were 18 ESH and all electron ex- 
posures were S x 10^^ electrons cm^. Sequential exposures were 
done with the samples remaining ^ situ In the vacuum exposure chamber. 

Tdb'U B-3 Deov^oB^ in RsflBotanaB in S~1S (R^f 10) 


Measured After 
Exposure to 

UV Only 

Electrons Only 

Arithmetic 
Sum of Above 

Consecutive 
Exposure to 
UV, Then to 
Electrons 

Simultaneous 

UV/Electron 

Exposure 


AR » “ R^ at Selected Wavelengths, X 


425 my 

590 my 

950 my 

1200 my 

1550 my 

2100 my 

2300 my 

1 

1 

3 

6 

10 

22 

14 

0 

2 

6 

11 

20 

37 

26 


1 3 9 17 30 59 40 

0 2 4 7 15 30 19 


0 2 7 12 24 43 30 


When S-13 is first exposed to electron and then to ultraviolet radia- 
tion, it does not recover. However, the 18 ESH of ultraviolet exposure 
has little additional effect on the reflectance beyond the losses al- 
ready sustained due to the electron exposure (Fig. B-6). This is 
reminiscent of the results for the inverse exposure depicted in Table 
B-3. 


The extent of degradation also appears to depend on the ratio of ex- 
posure rates of electron and ultraviolet radiation. S-13 was exposed 
to 18 ESH at a 4.4-ultraviolet-sun rate (total exposure time 4.1 
hours). Simultaneously, it received a fluence of 5 x 10^ electrons/ 
cm^ progrmnmed so about 90 percent occurred during the first hour of 
ultraviolet exposure, and the remaining 10 percent during the final 3.1 
hours of ultraviolet exposure. The spectral reflectance was measured 
after the first hour. Measurements made after the complete exposure of 
4.1 hours shows evidence of reflectance recovery (Fig. B-7). 
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Reflectance 



Figure B-6 

Spectral Refleotanae of S-IZ Following Consecutive Exposure to 50-keV 
Electrons t Tnen to Ultraviolet Radiation (Ref 10) 



Figure B-? 

Spectral Reflectance of S^IS and Effects of Changing the Electron/ 
Ultraviolet Exposure Ratio Midway through Test (Ref 10) 
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d. Proton and Combined Proton/UV Radiation - Changes in otg in simu- 
lated solar wind proton, simulated solar ultraviolet irradiation, and 
the cwnbined enviroiment are shown (Ref 12) in Table B-4. In the ccan- 
bined environment at fluxes below 3 x 10^^ protons/cm^ and less 

than 1000 sun hours there is less total change than in the ultraviolet 
alone* 

Irradiation with 20-keV protons of S-13G showed (Ref 10) that it sus- 
tains severe degradation of reflectance in the visible after exposure 
to 10^^ protons/cm 2, However the threshold for damage was in the 
10^^ protons/cm^ range, and even at 10^^ protons/cm^ the re- 
flectance degradation was moderate. The buildup of damage and the ex- 
tent of recovery in air following exposure are shown in Figure B-8. 

Only partial recovery of reflectance occurs in air. 

e. SxHBmar^ - Wavelength regions in which the largest reflectance 
changes occur are substantially different for ultraviolet, electron, 
and proton radiation. Exposure to electrons causes the greatest re- 
flectance losses in the infrared. UltravicLM radiation and proton 
radiation result in more damage at shorter wavelengths, particularly at 
any existing ultraviolet absorption edge. 

Table B-4 

Changes in Solat* Ab8ox*ptanoe of S-13 in Simulated Solai' Wind Protons 
and Ultraviolet Radiations* 



Proton Expooura 

Ultravlolat Exposure 

UV and Proton Exposure 


Simulated Protons/ 
at 2000 -eV 
Enar^ 

Changa In 

Solar Abaorptanea, 

X 

U1 travlolet 
Sun-Hours ^ 

(16-Sun Intensity) 

Chanft in 

Solar Abaorptanca, 

X 

UV Sun-Hours 
and 

Protons/c»‘ 

Change in 

Solar Absorptaoce, 
X 


0.43 X lo'- 

5.6 

90 

64.0 

90/0.28 X It)'* 

33.3 

S-13 

1.3 X 10'^ 

11.0 

432 

56.0 

432.'1.1 X 10‘* 

50.0 


3.0 X 10'* 



56.0 

1059 

61.0 

1098/2 a X 10'* 

106.0 

* KftftflurccMntt df abserptAnca of matorlals at O.S 

- 1.6 In vacuum of 10 

torr. 



+ Incanalty corraopoada to 18 

tlmas tha solar ultravlolat (2200 - A' 

intensity at distance of earth in space at zero airmais. 



Wavelength, p 

Figure B-8 Buildup of 20-keV Proton Damage in S-13G (Ref 10) 
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Reflectance recoveries after exposure to air follotdng ultraviolet, 
electron, and proton exposure are likewise diverse* This diversity of 
both reflectaiKie and recovery phenonena Is indicative of more than one 
damage mechanism. 

The sequencing of combined envlronnent exposures to more nearly simu** 
late space effects significantly alters the resulting degradation. 
These synergistic effects must be considered in testing for space 
applications* 

B. TEFLON AND KAPTON 


This section first presents information concerning "untreated" materi- 
als and then data for metallzed films* 

1. Untreated Teflon and Kapton 

a* Thermal-Vacuun Degradation - Thermal degradation under vacuum can 
be described by simple first-order kinetics* Decomposition begins near 
400*0 with activation energies (Ref 4) of 70 to 80 kcal for Teflon and 
about 20 kcal for Kapton* Pertinent pages from Reference 4 are tabu- 
lated. These include mass spectral data as a function of taoperature* 


Material 

Pages (Inclusive) 

Kapton H Film 


Teflon Lacing Tape 


Teflon Sheet TFE 


Teflon Tubing FEP 

HEQBBQHHH 


The TWL range (Ref 2) for Teflon is from 0.00 to 1*53 percent and for 
Kapton is 0.3 to 1.4 percent* The VCM range (Ref 2) for Teflon is from 
0.00 to 0.51 percent and 0.00 to 0*23 percent for Kapton. 

b. Optical Changes 

Ultraviolet Radiation - Kapton H irradiated with the Boeing UV source 
previously described shows some reflection losses, but the changes are 
moderate with some increases and decreases in the visible and infrared 
regions* Recovery in dry air (Ref 10) is shown in Figure B-9* It can 
be seen that in the IR the in-air reflectance values are equal to or 
greater than than the iji situ values. 



Figure B-9 

Refleotanae Recovery in Kapton H-FiVn in Air Aa a Function of 
Wavelength^ Following Exposure to Ultraviolet Radiation (Ref 10} 
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However, another investigation (Ref 14) found there was no effect on 
the tranamiaaion of Kapton (1*5 mil) after 9500 ESH with a source of 
high- and low-pressure mercury arcs, irradiation being under vacuum at 
31”C. Transmission tests extended over the range from 350 to 750 nm. 
Teflon (1.5 mil) suffered only a mild degradation (*^10 percent) over 
the same parameters. 

Electron Irradiation - Under electron irradiation Kapton showed 
(Ref 10) some reflectance losses but serious degradation occurred only 
at the highest fluences. Table B-5 shows the reflectance changes at 
590 nanometers. 


Tdbl» B-S 

Deoreaee in Refleatanoe at 590 nm for SO-keV Eleatrom (Ref 10) 


Exposure, electrons/cm^ 

1 X 10^3 

1.6 X 10^3 

2 X 10^^* 

5.5 X 10^** 

8 X lO^^^ 

8 X 10^5 

0 

e— 1 

4 

13 

9 

60 


With 1-MeV electrons Kapton and Teflon were unaffected (Ref 14) up to 
2.6 X 10^^ electrons/cm^. 

Proton Irradiation - With 800-keV protons Kapton and Teflon were un- 
affected (Ref 14) up to 10^^ protons/cm2. 

c . Physical Property Changes 

Electron Irradiation, Mechanical Properties - Changes In Teflon induced 
by irradiation have been assessed by measuring the tensile and flexural 
characteristics before and after electron irradiation under vacuum 
(Ref 15). These properties were measured in air. The irradiations were 
carried out with a Van de Graff accelerator that produced a continous 
beam of electrons. 

Samples were irradiated to doses up to 10 Mrad at a rate of 395 rad/s, 
and measurements of mechanical properties were made after approximately 
24 hours in air. Figure B-10 shows that the tensile and flexural modu- 
lus increase with dose to approximately the same ext 
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Figure B-11 shows the changes in tensile strength and extension. 

Samples irradiated to a dose of 1 Mrad with l-*MeV electrons at dose 
rates ranging from 84 to 7462 rad/s showed that the dose rate has no 
effect on the resulting change in mechanical properties. Varying the 
electron energy between 0.4 and 1.8 MeV showed the mechanical proper- 
ties are also independent of the electron energy. For comparison, data 
on strength and dose from an unclassified portion of a classified re- 
port (Ref 16) are also Included in Figure B-11. It can be seen that 
the low-energy irradiations appear to behave in a similar manner. 
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Figure B-11 

Tensile Strength and Extension to Failure (Ref 15) and Tensile 
Strength at 60% Elongation As a Function of Dose (Ref 16) 

Electron Irradiation, Electrical Properties - Changes in electrical 
properties of Teflon after electron irradiation have been obtained from 
unclassified portions of Reference 16. Although the irradiations were 
done at 22°C and 760 torr, the results are included here for complete- 
ness. Table B-6 shows the changes in electrical conductivity as a 
function of dose with 3- and 55-MeV electrons, and Table B-7 shows the 
changes in the dielectric constant. 
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Table B-6 

Pve/Poatirradiation Conduotivity at Eleatrio Field of 
20 V/mil* 



Nominal Dose, rads - Teflon 

Electron 

Material 

2 X lO** 


5 X 1Q5 

Energy, MeV 


Pre 

Post 

Pre 

Pest 

Pre 

Post 


1 

<1.4 

ig 

eg 

IB 

1.7 

1.9 

3 

2 

1.6 


Ih 

IB 

1.6 

2.1 


3 

<1.3 

By 


IB 

<1.6 

4.2 


1 

mm 

wa 

<1.3 

IB 


2.4 

55 

2 


bq 

<1.3 

IB 


2.1 


3 

EB 


2.8 


QQ 

2.2 


* Materials: 1 - TFE-7; 2 - TFE-6C; 3 - FEP-100. 


Units of conductivity, lO” (ohm-cm)~ . 
All values average of three samples. 


Table B-7 

Percentage Change in Die lea trio Constant Aa a Function 
of Frequency and Abeorbed Doae (22^C, 760 torr) 


Elactron 

Energy, 

M«V 

Frequency , 
Ht 

Materiel* 

Monlnel Doee, 

rede - Teflon 

r 7 

2x10“ 

1x10* 

5x10* 



1 


-3.31 

-4.39 


10 ^ 

2 


-3.02 

-3.10 



3 

Esa 

-0.98 

+1.02 



1 

-4.06 

-3.31 

-3.10 


*-• 

O 

2 

-4.19 

-3.02 

-3.10 



3 

-2.55 

-0.98 

+1.01 

3 














1 

-4.03 

-3.28 

-2.97 


10“ 

2 

-4.19 

-3.01 

-3.08 



3 

-2.56 

-0.99 

+1.00 



1 

-4.03 

-3.27 

-3.03 


10* 

2 

-4.17 

-2.98 

-3.06 



3 

-2.57 

-1.02 

+0.98 



1 

+0.25 

+0.69 

+1.27 


10^ 

2 

-2.30 

-2.84 

-3.85 



3 

-2.80 

-1.52 

+0.22 



1 

+0.03 

-0.57 

+0.39 


10* 

2 

-0.79 

-2.85 

-3.59 

55 

. 

3 

-3.06 

-1.68 

-0.06 



1 

-0.27 

40.47 

+0.49 


10“ 

2 

-2.45 

-3.42 

-3.84 


J 

3 

-3.04 

-1.75 

-0.65 



1 

-0.34 

+0.55 

40.46 



2 

-2.33 

-3.45 

-3.84 



3 

-3.15 

-1.57 

-0.56 

1* MeterUl: 1 - TFE- 

7; 2 - TFE-6C; 3 - 

FEP-IOO. 1 
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Simultaneous UV and Particle Irradiation, Optical Propertlea - Figure 
B**12 shows (Ref 17) the effects of simultaneous irradiation on the 
solar absorbtance of S*miil FEP Teflon. Simulations A, B, and C are for 
earth-orbit conditional and simulation 0 is for solar wind. 





Slmu" 

latlen 

Irradiation Lavala 

UV ESH 

Partlclaa/cm^ 

Mam 

A 



0.078 

B 



0.096 

C 


2x10^5 

0.302 

D 

13000 

3x10^® 

0.108 


oT 


TTo 175 

Wavelength, ym 


To" 


TT 


Figure B~12 

Effeote of UV, Eteotrone, and Protone on 6~mil FEP Teflon (Pef 1?) 


Simulation A is at a UV irradiation rate of onarsun plus charged parti- 
cles (electrons and protons) at rates of 2 x 10^ (a -f p) cm**^ s**^. 
Simulation B considers a smaller fraction of a year orbital time with 
magnetic substorm conditions, i.a., om-sw UV plus electrons and pro- 
tons at a rate of 2 x 10’ (e •¥ p) cm~^ s*'^. Simulation C has fluxes 
Increased to peak orbital values of 3 x 10^ electrons cm"^ s"^ and 
the same flux for protona. The originally transparent film becomes 
translucent or even opaque with irradiation. A simulated solar wind is 
given as Simulation D with a flux of 1 x 10^^ protons cm~^ s~^ 
combined with UV radiation. With this intensity of irradiation, the 
Teflon's visual appearance becomes that of a i^ite paint. 


A sample of FEP Teflon was flown on Skylab D024. Transmission losses 
in the UV-visible were attributed (Ref 11) to contamination. 


Simultaneous UV aixi Particle Irradiation, Ftechanical Properties - 
Irradiation trlth 1-MeV electrons and simulated solar radiation (2.66 kW 
m"^ xenon lamp) indicated (Ref 15) that the predominant effect of the 
UV radiation on mechanical properties will be the influence of the rise 
in temperature of the sample on the effects of the electron irradiation. 
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Teflon TFE and FEP aaaplea from Surveyor III «fere returned (Ref 18) 
froB the Boon by Apollo XII» Teflon FEP appeared to Buffer only a 
BBall degradation In tenalle strength idtereaa TFE cable wrap was appre 
ciably degraded with tensile strength decreased by 73 percent and 
elongation by 60 percent. 

Results derived (Ref 19) froa the Skylab D024 experiaent are depicted 
in Figure B-13* It is of interest to coapare this figure with the 
tensile strei^th data presented in Figure B-11. 



Figure B~13 

Tensile Strength As a Function of Tim during Skylab D024 Experiment 


2. Metallred Teflon and Kapton Films 

The survey of these aaterlals under solar siaulatlou is donlnated by 
the extensive studies of Boeing (Ref 20) and TBf (Ref 21). The Boeing 
group studied optical properties up to 910 ESH, and the IRU group ex- 
tended the times to years. The TRW group also studied aechanlcal prop 
ertles utvier the same slaulation. 
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a. Optical Proporrtea - Moat Irradiation data hav« b««n obtalnad for 
5-mll thickneaaea of Taflon fllia* Hi«re la avldonce that thinner fllwa 
may hat^ sort reaiatance to dielectric breakdovn- If they are thin 
enough not to trap energetic charged particle*, they have more favor- 
able reflectance propertiea. Figure B-14, derived from the Boeing 
■tudiea, (Ref 17), compare* 5*^il and 2-all. set all red films and shows 
such an effect* 


2 

Particles/cm 



Fignr0 B~14 

R§fUotano 9 Stability of Kapton arid FEF Teflon Exposed to UV, US^keV 
Eleotrone, and &0~keV Intone (Equal Flmnoes of Eaoh Type of Particle) 


Such effects do not occur (Ref 20) when metalized filss are Irradiated 
by lower energy charged particles siaultaneously with UV. Figure B-IS 
»hows that 2 ib 11 and 5-all film appear Co be oore nearly alike under 
these conditions. Figure B-14 also shows the results of 1/2-ail and 
1-nil Kapton, that may be compared with the Teflon fils data* 


B-18 


OmmUL PAGE 
Of POOR quality 


P*rticlM/cB^ 



Figure B-16 

Solar Ab»orptano 0 of MttaliMod Z-mil and Z^nril FEP Film Irradiatad by 
30~ksV Eleotronst 20-htV Protons^ and UV Equal Fluanoaa of Each Fartiale 
CRaf 20) 

Simll«r aetallzed filffit were studied for longer times by the TRW group 
(Ref 21)* Figitre B-16 wns derived from their dste* As with the 
shorter time exposures, the chsnges in soler sbsorptsnce increese with 
time. Ifonnsl emittences, mcssured in sir, sfter three years of equiva- 
lent space exposure remain virtually unchanged* 

b. Mec^nical Properties - Extensive testing of metalized Teflon and 
Kapton films was done by the TRW group (Ref 21) under near-UV, 80 and 
200-keV electrons simultaneously under vacuum. Mechanical properties 
were tested both ^ situ and ex situ . 

Results indicated that FEP and PFA Teflon materials exhibited brittle 
behavior after 18 months of equivalent exposure. By a 30-month equiva- 
lent exposure, essentially all Teflon materials had experienced a com- 
plete loss of elotsation. The Kapton materials experienced a 25 to 40 
percent reduction in ultimate elongation but had ouly small changes In 
modulus snd ultimate strength. Ifo brittle failure occurred during the 
entire test program. The ^ situ and » sl^u tensile test results were 
qualitatively consistent (i.e., Teflon exhibited catastrophic degrada- 
tion in mechanical properties while Kapton exhi. Ued only some degrada- 
tion), although the rate of degradation for Teflon in the in situ ch«- 
ber was less than that for tK; situ specimens. This difference sug- 
gests that return of irradiated specimens to atmospheric conditions be- 
fore testing may affect the Masured properties. 
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Figure B~>16 

Changes in Solar Absorptanoe Charaoteristios of Metalized Films of 
Teflon and Kapton As a Function of Time (Radiation Near-UV and Far-UV^ 
27-‘keV Protons^ 7, 80, and 200~keV Electrons; Points Are Average 
of 3 Samples Each) 


Tensile properties were sensitive to S;'-\:imen size. Table B-8 summa- 
rises the key results. 

Radiation exposures were carried out with 1-inch gage lengths. Table 
B-9 shows the iji situ secant modulus changes under simultaneous UV and 
80 and 200-keV electrons. 

These results may be compared with the ex situ results presented in 
Table B-10. 
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Tabl^ B-8 

Effect of Tensile Specimen Gage Length on Tensile Propevtiee* 



1-ln. Gaga Langth 

4-ln. Gaga Langth 

Katloa 

t- 


tiatarial 

Modulus, 

kal 

Ultimata 

Strangth, 

ksl 

Ultimata 

Elongation, 

X 

Modulus , 
ksl 

Ultimata 

Strangth, 

ksl 

Ultimata 

Elongation, 

X 

V‘i 

o /o 
4' 1 

V‘l 

20FEPACIN 

66.9 

n 


89.6 

2.1 

216.5 

1.34 

0.68 

0.45 

SOFEPACIN 

37.4 



75.8 

2.8 

343.0 

1.32 

0.80 

0.55 

20KAL 

342.5 



50T.0 

20.4 

18.0 

1.46 

0.85 

0.27 

50KAL 

324.0 



485.0 

21.3 

25.5 

1.50 

0.85 

0.34 


* Average machine and tramverae dire> Cion properties , three specimens per 
each direction. 

t E ■ modulus. 0 ultimate strength, e “ elongation, subscripts I and 4 represent 
values for 1- and 4-inch gage lengths, respectively. 

Table B~9 . 

In eitu Secant Modulus (E^) at 2% Strain^ ksi** 



Exposure* 

Months 



Materials 

0 

6 

12 

18 

24 

30 

2-mil FEP 

87 

85 

88 

100 

103(1. 7Z)’ 


5-mil FEP 

77 

78 

78 

84 

84 

71(1. 6Z)t 

5-mil PFA 

64 

67 

66 

72 

82 

85(1. 4Z)’^ 

2-mil Kapton 

343 

355 

349 

352 

360 

335 

5-mil Kapton 

341 

341 

353 

298 

345 

313 


* ■ Stress at 2% Strain/0.02 In ksl. 

t Most Results Average of 2 to 3 Specimens. 

1 (XX) indicates that sample failed at XX% strain. 

Specimen Identification 


2-mil FEP Teflon with Vacuum-Deposited Silver and Inconel 

5-mil FEP Teflon with Vacuum-Deposited Silver and Inconel 

5-mil PFA Teflon with Vacuum-Deposited Silver and Inconel 

2-mil Kapton with Vacuum-Deposited Aluminum 
5-mil Kapton with Vacuum-Deposited Aluminum 
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Tabl9 B^IO Ex Bxtu Saaant ttodulna (E^) at 2% Strain^ kai**^ 


Exposure, Months 


Materials 

D 

6 

12 

17 

30 

36 

2-mll FEP 

71 

92 

73 

§ 

§ 

B 

5-mll FEP 

57 

72 

62 

59 

S 

§ 

5-mll PFA 

51 

72 


S 

s 


2-mll Kapton 

324 

353 

315 


360 


5-mll Kapton 

345 

360 

293 


285 



* Tensile tested to failure In air; air exposure duration between 1 and 
20 minutes . 

t Average of 3 specimens In machine direction. 

§ Irradiated specimen brittle to the touch; no tensile test possible. 

Tensile properties under these exposures are presented In Tables B-11 
and B-12. 


Tabla B~22 In situ Tensile Properties at Failure* 


Elongation, X 


Tensile Strength, psl 


Exposure, Months 


Materials 

0 

9 

39 

0 

9 

39 

2-mll FEP 

473 

45 


3470 

2500 


5-mll FEP 

650 

105'*’ 


3660 

2200"^ 


5-mll PFA 

659 

55 

109 

4725 

2440 

2240 

2-mll Kapton 

68 


35 

24750 


23350 

5-mll Kapton 

91 


60 

- 1 

2720 


26800 


* Most results average of 2 specimens. 

t No failure; stress and elongation at maximum head travel of 
testing equipment. 
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Tabu B-12 


Ex aitu TeneiU Propertiae at Failva^ 





Exposure , 

Months 









Elongation 

. % 




Tensile Strength, pel 




Material 


6 

12 

L-: 

30 

36 

m 

6 

12 

17 

30 

36 

2-mll FEP 

473 

6 

2.7 

D 

S 

1 

3470 

2150 

1985« 

{ 

i 

1 

5-mil FEP 

648 


18 

m 

! 

■ 

3660 

1900 

1890 

1690 

S 

S 

5-mil PFA 

661 


134 

f 

I 

■ 

4420 

2000 

2060 

§ 

5 


2-mil Kapton 

68 





■ 

24750 

26800 

27000 


26500 


5-mil Kapton 

91 





■ 

27200 

30400 

28300 


26400 



* Most results average of 2 speclncns. 

t Tensile tested to failure in air; air exposure duration between 1 and 20 minutes. 
S Irradiated specimen brittle to the touch; no tensile test possible, 
f Samples failed at 4% strain. 
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Conclusions 


Some conclusions that may be drawn from these results are as follows* 
The use of Teflon materials for thermal control purposes or In applica- 
tions requiring flexibility after exposure is not recommended for 
space* Kapton materials experienced a doubling in became black, 
and exhibited a 25 to 40 percent reduction in ultimate elongation, a 
slight reduction in tensile strength, and a negligible change in modu- 
lus. These changes, however, are not deemed catastrophic enough to 
eliminate its continued use in space systems. 

Changes in optical and thermophysical properties for Teflon and Kapton 
are primarily due to low-energy proton radiation and/or its synergistic 
combination with other environmental components. 

The discoloration of Teflon and Kapton is limited to the upper layer of 
exposed material. Light scratching of the surface removes the dis- 
coloration, revealing clear material underneath. This result supports 
the contention that protons are the primary cause of the optical degra- 
dation [proton penetration depth is less than 0.3 ynt (^0.01 mil)] 

Catastrophic changes in mechanical properties for Teflon are primarily 
due to near-ultraviolet radiation and/or its synergistic combination 
with high-energy electrons. Specimens exposed to five-year equivalent 
electron radiation retain a percentage of their original ultimate 
elongation, while all specimens subjected to combined near-ultraviolet 
and high-energy electron radiation become brittle after 17 to 30 months 
of exposure. 

Changes in mechanical properties for Kapton are primarily due to near- 
ultraviolet radiation and/or its synergistic combination with high- 
energy electrons. Specimens exposed to five-year equivalent electron 
radiation show a negligible change in mechanical properties; however, 
combined near-ultraviolet and high-energy electron radiations result in 
a measurable, but not catastrophic, reduction in ultimate elongation. 
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